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The annihilation of proton and antiproton to electron-positron pair, including ra- 
diative corrections due to the emission of virtual and real photons is considered. The 
results are generalized to leading and next-to leading approximations. The relevant 
distributions are derived and numerical applications are given in the kinematical 
range accessible to the PANDA experiment at the FAIR facility. 



I. INTRODUCTION 



The determination of the proton form-factors in the time-like region is planned at PANDA 
(FAIR) in the process of annihilation of proton and antiproton to an electron-positron pair, 
for values of antiproton momentum up to 15 GeV/c Radiative corrections (RC) due to 
the emission of real and virtual photons do affect the measurement of the experimentally 
observable quantities, in particular of the differential cross section. The individual determi- 
nation of the electric and magnetic proton form factors requires the precise knowledge of 
the angular distribution of the final lepton, in shape and in absolute value. The motivation 
of this paper to calculate radiative corrections to this process and to provide the formulae 
for the differential cross sections with the adequate accuracy to be used in the experiment. 
A lot of attention was paid to the cross-process e^e^ — t- /i+|U^(7) years ago (see Ref. 
, where the total cross section as well as different distributions were considered. The 
purpose of this work is to update and generalize the results obtained in Born approximation 
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and in the lowest order of perturbation theory for the process of radiative annihilation of 
proton and antiproton to a lepton pair at high energies. 

Among the first papers devoted to the annihilation of proton pair to a lepton pair one 
should refer to Ref. jsl], where the possibility to measure the nucleon form factors in the 
time-like region of momentum transfer was discussed. In the paper jo] the case of polarized 
particles was considered. More recently, single and double spin polarization observables were 
calculated in frame of different models and applied to the world data ^ in space-like as well 
as in time-like region. In Ref. {s] the expression of the cross section and the polarization 
observables in terms of form factors was extended to the two photon exchange mechanism, 
in a model independent formalism. 

The matrix element of the annihilation process 

P{P+) +P{P-) e+(g+) + e"(g_) (1) 
in Born approximation has the form: 

Mb = -^v{p^)Tf,u{p+)u{q-)-ff,v{q+), (2) 
with q = p+ + q^ = s, p\ = M^, g| = rn?, M{m) is the proton(electron) mass, and 

r.(g) = Ffis)!, + ^[7m, q]Ft\s), (3) 

where F^^2'^(s) - are the Dirac and Pauli form factors of proton. 

For large-angle scattering, the terms of the order of m^/M^ compared to the ones of order 
of unity can be neglected (1 + (9(m^/M^)). 

The matrix element squared summed over the spin states is: 

^ |M|2 = 16 ■ {^f ■ -{\Gm{s)\\1 + cos^ ^) + (1 - P^)\GE{s)\^^m^ 9} (4) 

spin 

where the magnetic and electric form factors of proton are 

s 4M^ 

GE{s)=Fr{s) + r^Fr{s), Gm{s) = Ff^{s) + Ftis), V = P' = l-^.{5) 

M is the proton mass, (3 is the proton velocity. 
Let us introduce the kinematics invariants 

t= (j9_ = -^(l + /3'-2/3cos^), m = (p+ - g_)' = -^(1 + /^^ + 2/3 cos 
47Vf2 

s + t + u = 2M^, (6) 
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where 9 -is the scattering angle between the direction of motion of the antiproton and the 
electron in the center of mass system (cms). 

n 

The differential cross section in Born approximation has the form [5|: 

das o? 



The total cross section is 

(ytot 



\G m{s)\\1 + cos' 6) + {I -I3')\Ge{s)\' sin' e 



3(3s 



\GMis)\' + -\GEis)ni-P') 



(7) 



(8) 



II. VIRTUAL AND SOFT PHOTON EMISSION 

Below we will suppose the proton to be point-like particle Ge{s) = Gm{s) = 1, and RC 
to the proton and electron vertex can be written in the form: 



F,{s) = l + -F^'\s) + ..., F2{s) = -F^'\s) + ..., F,(s) = l + -Ff + 



a 



(2), 



a 



Moreover we will consider the case of non-relativistic proton and antiproton, /3 ~ 1. 
The Born matrix with one-loop corrections can be written in the form: 



(9) 



1 



BV 



l-Us) 



M- 



IB 



a 



1 + ^F^'\s) + ^Fi'\s)] + ^M,,Ff (.)} - (^)'m..., (10) 

71 TT J TT \7r/ 



with 



Aira 



IB 



v{p-)lt,u{p+)u{q-)-i^v{q+), 



s 

Attoi 1 _ 

M2B = ^^v{p.){-i^q- q-i^)u{p+)u{q_)-iyv{q+). 

o n r' i I— ' n n 1 1 



(11) 



The real parts of Dirac F^ (s) and Pauli (s) proton form-factors (of QED origin) can 
be written as: 



3: 



2(3 



ReFl'\s) = ( Iny - 1 ) ( 1 



2 r 



+ 



^eFf (.) 



1 + 13 
2/3 

1-/3 



-TT + Llo 

3 \1 + 13 



- -Lp - Lp In 



2/3 
1 + /3 



4/3 



In 



1 + /3 
1-/3' 



Only the Dirac form factor is relevant for the lepton: 



In y - 1 ) (1 - 



A A 



(12) 



(13) 
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The polarization of vacuum operator n(s) = Ile{s) + Il^{s) + Ilr{s) + Ilhadr{s) has a standard 
form: 

5^ 



ReUJs) 



37r V 3 



/32 

9 3 



TT 



/mne(s) 

1 1 



3' 



/mn^(s) 



'n ' 2 



In 



1 + 



/3. 



4M2 
1 ^. 



1-/3/ ■ V s 
The contribution of hadron states to the vacuum polarization is [l^ 



(14) 



ds 



s' — S — iO 



(15) 



4M? 



In particular for a charged pion pair as hadron state we have 



(^e+e~^hadr\S ) 



3s 



1 - 



4M2 



(16) 



with F.^{s) is pion form factor. Setting -F,r(s) = 1 we have 



2a 

TT 



1 , 1 + 2 
— In 

12 1-/3^ 3 



ln-^---2/3^-^ 
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The contribution of the box type Feynman diagrams describing the two virtual photons 
annihilation mechanism is 

d^k 1 



M, 



box 



iir^ (P-A2)((g-A;)2-A2) 
g_ — A; + m 



xu{q- 



p+-k + M 
"^^-^^- (p,-fc)2-M2 ^^"^^"^ 
-q+ + k + m 1 



(17) 



' (g_ — A;)2 — (g+ — A;)^ — j 

The interference of Born and box-type amplitudes contribution to the odd part of differential 
cross section is: 



dan 



—a" 



-lit, u, s), lit, u, s) = il- Pit, u)) [ ^ 
I J 



SeSp 



dO- 27rs2/3 ^ ' ' ^' ^' ' ^ ^ ''J (0)(g)(p)(m) ' 

where Pit,u) is the exchange operator Pit,u)fit,u) = fiu,t), and 

(0) = P - A^ iq) = iq- kf - A^ ip) = k^ - 2p+k + iO, (m) = k^ - 2q_k + iO, 



(18) 



5. 



Sn 



Tr(p+ + M)7a(p- - M)7,(p+ -k + M)^^. 



(19) 
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Using the set of one-loop integrals listed in Appendix B we obtain 



I{t,u,s) = {u — t) 
+ {2t + s 



with 



and 



2M2 



TT 



+ t + U I Jogp - — + - 



:Lts ~ Li2 



-t 



6 ■ 2"^ 

1 



(2m + s) 



~ Li2( 



1 1 M-t 

t u ut 



, s M'-t M'-t 

— u s 



lni±^ L 



sl3 



3-^(3 



"6 



In 



1 + 



-u 



, ^MX — in 



2Li2 



1-/3 



2Li2 



M2 -U' 



/3 



1 + 



(20) 



(21) 



(22) 



For large values of the kinematic invariants s ~ — t ~ —u ^ our result is in agreement 



with the result previously obtained by I. Kriplovich 



I{t, u, s) = -(t^ + u^)Ltu[LMx + Ls] + -{t- u)Ll^ + (t- u)LtsLus + uLts - tL^s 

S Zi 



c ( + ln2 



2\ fi 1 ~ C , S 1 

= .(l + c=)|ta_,„_ + __ 

-(l + c)l,ii^ + (l-c)l,ii±HU. (23) 

It is useful to note that the coefficient of Lux-, see Eq. (1201) 

+ - 4M2(t + u) + 6M^) = s(2 - sin^ ^), 

s 

is proportional to the Born matrix element squared. 

The differential cross section, including Born amplitudes and virtual corrections, becomes: 



do 



BV 



a 



dO. 



Asl3 



1 



1-n 



(2 - sin^ 



2a 



71 



+ 



4a „ ^, 
— ReF' '(s) 



.(2), 



1 it, u, s 

ns 



The soft real photons emission can be taken into account in the standard way: 



d(j'°f^ 



da 



B 



Ana 
(2^ 



d^k 



P+ 



P- 



2u \p+k p_k q_k qj^k 



da I 



+ 



da 



B 



(24) 



(25) 
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where the photon energy in CMS is constrained by: 00 < AE, AE <^ E = ■\/i/2. We obtain 
for the even part: 



datZlt 



da 



B 



- I -2 

TT 



2 In 



fAE- 



m 



+ 2 



1 + 13' 
2(5 



V \E 

+ 2 



1 vr^ 
4 ^"T 



with ^{P) : 

m = ^ + L,lni±^ + ln^ln(l-/3) + iln2(l + /3)-iln22 

- Li2(/3) + Li2(-/3)-Li2 . - 
For the case s ~ — t ~ — m ^ we have jl2 | 

d^BSV 1 



+ /3 
■1-/3 



da 



B 



with 



I^eA = 1 + — 
/TT 



n2 r)2 

h _ n|2 p^^^ 



1 + -{K^ + K^)sv 

TT 



4- In In h -K%if 

TT E 1 + C TT 



1) 21n 



AE 


3 


E 




+ 2 


AE 


3 


E 


+ 5 



TT^ 1 

J^sv ~ ^sv — 2 2' 



(26) 



(27) 



^SV = 



(1 + COS^ 



COS y m sm — h In cos - + sm - m cos cos - m sm - 

'2 2/ 2 2 2 2 



-4 In^ sin - + 4 In^ cos - + 2Li2 f sin^ - j - 2Li2 f cos^ - 



(28) 



Let us note that K°i^y has a different sign than for the annihilation process e"'"+e — )■ . 



III. HARD PHOTON EMISSION 



Let now consider hard photon emission contribution: 

P(P-) +P(P+) ^ e+(g+) + e"(g_) +7(A;) 



(29) 



The differential cross section is the sum of contributions of emission from leptons and hadrons 

ft 



da 



o? „ dx-dxdcdz 



-R 



2tis ^D{c,a.,z) 



D{c,a_,z) = {zi-z){z-Z2), R 



16(47ra) 



IM]"^ — Reven+Rodd, 



spin 
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with 



x± = X = —, z = cos{k,p-), c = cos(g_,p-.), a_ = cos(fc, c+ 



E 



cos(g+,p_ 



and 



^1,2 = a_c ± ;/(l-a2)(l-c2), a_ = 1 - ^iL_^. 



The energy-momentum conservation gives the relations 



x+ + x_ + X = 2, + x_c + X2; = 0. 



The quantity R has been previously calculated in 



^. For s we have: 



+ 



_(p_A;)2 {p^ky J 2s 



+ 



+ 



As' \p^kp^k q^kq_k J ^ 

+ 1''^ + + u'^ f t t' 



odd 



is' 



u 



u 



p+k ■ q^k p-k ■ q-k p^k ■ q^k p^k ■ q-k 



with 



(30) 



(31) 



t = -2p+g+, u = -2p+g„, s = 2p+p_, t' = -2p_g_, u = -2p_g+, s' = 2g+g_, 
t + t' + u + u' + s + s' = 0. 

Performing the simplifications and omitting the contributions of terms of order 

o(M! 

compared to the ones which lead to contributions of the order of unity, we obtain 



(32) 



Rp 



Rm 

Rr, 



Rm + Rp + Rq, 



2(1 + Pc 



sx"^ x^ (1 — fizY' 
X 



Rr, 



m 

s 

X 



1 1 

^2 ^ —9 



X+X- 



(33) 



xx^{l — jSz) 

where cr+ = ^^(l — c)^ + (1 + c)^, x = 1 — x,x± = 1 — x± and the exchange operator is 
defined as Pcf{c) = f{—c), (see Eq. (fT8l) . Pc = P{t,u)). The quantity 

t2 + ^ ^2 ^ ^/2 



(34) 
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can be written in two (equivalent) forms. In the case when it is convoluted with the "singu- 
lar" factor 1/(1 — Pz), keeping in mind that one has to further integrate on x_ and z (see 
details in Appendix A) it has the form: 



X = Aix^_ + ^2(1 - z)"^ + A^x^il - z){c-t) + 
A^x\{c - tf + A^x_{\ - -z) + A^^x\[c - t), 

with x_ = 2x/r,r = 2 — x{l — t). Here and further we use the notation t = a_ 
2x_|_/(a;x_). The coefficients Ai are 



(35) 
1 - 



A, 
A4 



1 + x 



^2 



X 



x2(l +x2) 



A, 



±[x\l - c) - {1 + c)]; A, 



X 



[x^(l -c) + (1 + c)]. (36) 



Ax"^ 2x 2x'^ 

For " nonsingular" terms entering in Rq we have (following from the definition): 

X = ^-[xl{l + cl)+xl{l + c')] = 

i[(2 -X-- xf + {x-c + zxf + xt{l + c^)]. 



(37) 



The contribution which is odd under the action of Pc has the form (in agreement with Ref. 



) 

Rodd 



2 X 

— —. -rz — TT" XX^fC^ — Z) -\- XX— [Z — Cj -j- — — — — X— X— C — X^X_|^C^_ ~1~ 2fX— C — X-|^C^_j 

X"'(l — p^Z'^) x+x_ 



X ( 1 -|- c ) 

H -. T-^[2x+x_(l — CC+) + XX (1 — zc] — x+x 1 (1 — c+) — xxil — c)] — 

2xx_{l + ^zy ^ ' ^ I ^ ^\ ^1 \ i\ 

x+(l — c 



2xx_(l - /3z) 
x_(l — c) 

2xx_|_(l — /3z) 
a;_(l + c) 



[2x+x_(l — CC+) + xa;_(l — zc) — x+x+(l + c+) — xx_(l + c)] + 
[2x+x_(l — CC+) + xx_|_(l — 2;c_|_) — x_|_x+(l + c+) — xx_(l + c)] — 
[2x+X_(l — CC+) + XX+(1 — ZCj^) — x+x+(l — c+) — xx_(l — c)] 



2xx+(l + fiz 
Let now focus on the distribution da / {dxdc) . 

The integration on the two other variables {x-,z) (see Appendix |Al) leads to 



(38) 



dx-dz 



Using the relations 



R 



5X 



0-4 



2x 



M 



--(1 + P,)-|-— (1 + c^), A = 2-x(l-c). 

X A^ X 



X_|_X_ 



1 

X 



1 _^ 1 ■ 



x_|_c+ + x_c + 2:x = 0, 



(39) 



(40) 
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and performing the integration over 2;, the expression for Rg can be written as 



The integration on X- leads to 

dx-dz „ 1 + 



and 



(l + c^)ln^ 



(41) 



(42) 



4xMi Ji + A2J2 + 



2xy43 J3 + AxP'A4^Ji + 2x^5 J5 + 4a;^A6 Je 



(43) 



with Ai given above and Jj hsted in Appendix A. Note that only quantity Ji contains the 
logarithmically-enhanced contribution 

Moreover, the coefficients A2 — Aq as well as the quantity A Ji are proportional to x at small 

X. 

Performing the integration over z we obtain 



da 



hard 
odd 



a 



dxdc 



'l-Pr 



dx- 



XX 



— 2 



c 2xx-L. h 



+ 



l"i"C,2 -t 2\ ^ / 2 — 2 — -1 2\ 

[C +CX + 1— X + X) z — (c X + CXX + 1 — X + X ) 



X. 



- xA{l + c^) + x^c{l - cf - 2x[(£' - + c + 1) + 2(1 - c^)] |, 



with i? = (c - t)2 + (1 - _ c2). 

Performing the integration over a;_ we obtain 



d(Jodd _ tt^.-j^ - p\ — 
dxdc ~ 2s^ "'a 



+ 



+ xc + 1 — a; + x^] [— In — h 

4 ,^ a;(l - c) 



— In 

X 2 



+ (1 - c) In 

4sx 



X 2 



4, 1 + c 1 + c, sx(l + c)2 
— m 



w?A? 



(44) 



[c^X^ + CXX + 1 — X + x^] + 



2c(2c + x{\ - c)) In — — + 2(1 + c') 



+ 



~~A ^ ~¥~ ) V^^^^ - - - + c + 1) + 2(1 - (?)\ 



(45) 
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Performing the integration on the photon energy fraction A = ^ < x <1 — we obtain 



(see Appendix A) 



dc 



2s 



4(l + c2)ln^ + ''' ^ 



1-c 



-1 + 2- 



1-c A 
In^ 

l+c 



In — + c 
6 



vr 



-6 - — - In' 
3 



1-c 



l + c 



-1 + 2 



In^ 

1— c 

l + c 



1-C 

+ 



+ 2(1 -3c^)ln 



l + c 
1-c 



+ 



2(1 + c2) 



l + c 
2 



1-C 



-In^ 



l + c 



1-c 
2 



(46) 



The odd part of differential distribution does not have logarithmic enhancement. 
The logarithmically - enhanced contribution from hard photon emission to the even part 
of differential cross section has the form: 



da. 



hard 



a 



dxdc 27r 



daB{xp^,p+)_ ^ daB{p-,xp^ 



dc 

, daB{p-,P+) 
dc 



dc 
1 + 

X 



1+x 



^2 



X 



In — - 1 1 + 



In ( — - 1 



+ K(x,c) 



(47) 



with 



K{x, c) 
Q{x,c) 



:i + c") x + 



1 + x 



^2 



X 



\nx] + (1 + Pc 



Axa+ 4^, , 
-^ + -g(x,c) 



1 + x^)AJi(T+ + A2J2 + 2x^3 J3 + 4x^^474 + 2x^5 J5 + 4x^^6 76- (48) 



IV. DISCUSSION 

Extracting the logarithmically - enhanced terms in virtual and soft photon (27) and hard 
pHoto„ (4T, e...o„ and .eep,„, . „.„d .Ke .Keo.e. M we ca„ exp.e. ..e 

differential cross section for the process 

P{P~) + P{P+) e+(y+) + e_(y_) + (7(A;)) (49) 

in the form 

d(T f ^ ^ T T ^daB{x-P-,x+p+,z+,z_) 

ax+ax-L>[x+, Ls)L>{x-, Ls 



dcdyj^dy^ J dc 

|n(sx+x_)p ( ~'~ 7r ) Zj^Z- (^2;+' ^) ^z 
fda\ 
\d^) 



/ T \ odd 
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where y± is the energy fraction of the final lepton. The non-singlet structure function T> of 
the leptons is 



Vix,L) = 5(a;-l) + Vi)(x) + i(^)^p(^)(x) + ..., 



1 + 



X 



or equivalent ly 
V{x,L) 



-6(1 -x) 2 ^ ( 1 + 



P^^\x) = P^P{x), 



^6(l + x) + 0(62), b = — 



4 



TT 



(L-1). 



The shifted Born cross section for the hard subprocess is: 

(i(jB(a;_p_, 2;_) daB{x-,x+) 47ra^ — c)^ + + c)^ 

dc dc s — c) + + c)]"' ■ 

and the energy fraction of the leptons in the hard subprocess is: 

xlil - c) + xl{l + c) 2x-x+ rr 

' • c = cosp_ ■ g_. 



(51) 



(52) 



(53) 



(54) 



x_(l — c) + x+(l + c) ' x_(l — c) + x+(l + c) 

The explicit form of {da/dc)"'^'^ is the sum of soft, virtual and hard photon emission contri- 
butions ( see 
da"'^'^ 



dc 
F{c) 



-F{c) 



TT^ 2 2 4 
-6 + 2 In In + In 

3 1 + c 1-c l-c2 



-1 



2 m 2 



4(1 + 



Li2 



1-c 1+c 
1 -c 



6 



Li2 



1 + c 
1 + c 



-1 



+ 3(1 - 2c2) In 



2 in. 2 



1+C 1-c 



1 + c 
1-c 

+ 



+ 



(55) 



The relevant charge-asymmetry 

A{c)- 



da{c) — da{—c) a F{c) 



(56) 

Vo. It is presented in 



da{c) + da{—c) tt 1 + c^ ' 
turns out to be rather large to be measured in experiment: |A| ~ 4 
Fig. [1] We note the numerical agreement with the calculation of Ref. {2]. 

The non - leading terms (which do not contain the "large logarithms" Lf,, L) are contained 
in the factor (1 + ^K) with K = Ksv + Khard{x+, x_,c), Ksv = f^r^ — 1 and 

[x_(l -c) +x+(l + c)]4 



KhardiX-, X+, c) 

F(x_,x+,c) 



8[(X^(1-C)2 + X^(1 + C)2] 



F(x_,x+,c); 



-(1 + c ) a;_ H z In x_ + a;+ H ^ — ^ m 0:4 

2 x_ x+ 

Ar^x- 4 ^, , 4r+x+ 4 ^, , 
H — + — Q(x_, c) + ^ + —Q{x+, -c) 



(57) 
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A(c)- 

a 




Figure 1: Asymmetry A(c) ( see (|56p ) as a function of c, c = cosp_g_. 

with 

r_ = xtil - cf + (1 + c)^ A_ = 1 + a;_ + c(l - 

r+ = (l-c)2 + x^(l + c)2, A+ = l + x+-c(l-x+). (58) 

The quantity 

is presented in Figj2l 

In the apphcation of the present calculation to the kinematical range covered by PANDA 
(s = 15 GeV^) we can neglect the corrections related with neutral weak currents (annihilation 
through neutral Z-boson). Indeed, the relevant correction (1 + 5w) is very close to unity 
5w ~ ays/Ml < 10^1 

The distributions on the energy fractions of the muons (Dalitz-plot distribution), the in- 
clusive distribution and the total cross-section of the process e~^e~ — j- u'l was considered 

n n 

in the papers |2[,|^. The relevant results for the process considered here can be obtained 
by a simple replacement. 
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Figure 2: K-factor for even part of cross-section Khardic) (see (i59]l ) as a function of c, c = cosp- 
Appendix A: Integrals for the case of hard photon emission 



Transforming the phase volume of final 3-body state as 



1 d^q- (rq+ d^k 



S7i^ 2E_ 2E. 2uj 



5^{p++p- -q+-q--k) 



1 d?q- d?k 



+p_ — g_ — kY — m^) 



1 1 

X-xdx-dxdcdO-.,6\(l — x_ — x H — xx^(l — t)] 

327r ^ 2 ^ 

dcdx 2dz dcdx xx dtdz 

dx^ 

167r 



^ o (Al) 

where D = D{z,c,t) = 1 — z"^ — t^ — + 2zct = {z — Zi){z2 — z), c = cos(p„, q-),z = cos{k,p_) 
-are the cosines of electron and photon emission angles, counting from the antiproton direc- 
tion. 



2lo 



2E. 



X 



± 

S \ s 



_2x 

X — J 3/ _|_ I X I X — 2^ 

r 



2(\ — X ) 

t = I- — — = cos{k, g_), r = 2 - - t). 

XX _ 



(A2) 
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Let us introduce the new 4- vector k = k — xp-, in order to calculate X in the limit z — ?■ 1: 



4X = {x^{l - c)Y + + c)f + (-xx_(l - c) - x(l - z) + xx_(c - t))^ + 

— (— a;_(l + c) + — -z) + xx^{c — t))^ = 
A[Aixl + ^2(1 - 2)^ + Asx-il - z){c-t) + A^x^_{c - tf + 
A^x.il- z)+ A(,xl{c-t)l 



(A3) 



with Ai given in Eq. 

Here we used the conservation law in the form P4. + = + g_ + and the kinematic 
relations 



A;2 = -xx-, 2p_A: = -2p+k = X-, X- = 2p-fc = -x{l - z) 

~ s 
2q_k = -xx-{c — t). 

The relevant integrals on photon emission angle 6,z = cos 6 are 



(A4) 



TT 



dz 



^D{c,t,zyii-Pzy'i-Pz 



■,l,z,z 



^;^;i;c4(i-c^-t^ + 3cV) 



Q = v/(c-t)2 + (l-/32)(i-c2), 



(A5) 



where /3 is implied to be a positive and real quantity not exceeding unity, with 1-/3^ << 1. 
For /3 = 1 we obtain Q = \c — t\. 

The domains of variation of the lepton energy fractions are deduced from the kinematic 
relation 

s s 
2qk_ = -xx-{l - (5^t) = s(l - x+) > - (3^). 

We obtain 



w?x 



x — < a;± < 1 



sx 



m?x 



sx 



(A6) 



and 
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The integrals on electron energy fraction (or on the variable t) associated with the photon 
emission by the initial nucleons are 



Ji 
AJi 

J2 
J3 
J4 



Jr. 



-1 
1 

1 



dt 1,-5 AT 

■ x(l + c) 

in — ' 



Ax 24x3 



dt 



^{l-ct) = - 
r X 



X 



24 
1 



{A^ + 5A + 22) 



,x + c(2 — x)) — cln 
2x' ^ " X 



i 

/dt , , 

-1 



(c - t f 



X + c(2 — x) 



8^2 



-1 



H |c-t| 24^2 
2-x 



^^4^(3 - x(2 - c)) + (1 - c)2(3 - x{l - c)) 



] -3- 



8^2 ' 



dt c — t 



+ 2x^ + 4^2) - (i-c)M2 + 2A + 4) 



r^|c-i| 24^3 
2-x(l-c). 

For the odd part of cross section we use (r = 2 — x{l —t),A = 2 — x{l — c)) 



i 

/ 



dt 



"111" 









1, 1 1 2-x 
— In 3 ; — ; — 3^- 
X X 2x '&x^ 



(A8) 



(A9) 



1 

/ 



dt 



c-t 
\c-t\ 



111 



1^2 1 

— m — ; — - 
X Ax 2 A 



1 + c 



X 



-(1-c) 



1 /(l + c)(A + 2a;) 



8^2!^ 



-(l-c)(A + 2) 



In order to perform the integration over the photon energy fraction, we use 
1 

dx 







11 


InA , 










]4']42' 


^ ;lna; 




4m ^ 






s 

f dx 








Inx; ln74 




1 X 





' m. 2 



, ; , , (ln'2-ln'(l + c));^— Liaf-^^l 

1-c l + c'2(l + c)'2(l-c)^ ^ ^^'1-c ^ 1 + c^ 



In ^ ln(l + c) - Li2(-^-^) 



-In' 

2 4m2 ' 4m2 



1 + c' 



(AlO) 
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Appendix B: One loop momentum integrals 



m2(a)(6)' 



' abc 



d'^k-k 



1 loqpm 



d% 



i'n-'^{0){q){p){m) 



(Bl) 



m2(a)(6)(c)' 

The standard procedure for joining the denominators leads to (for designations of the de- 
nominators see eq. (fT9l) ): 

A2 



ReL 



Oq 

hp 



In 



'9P 



' qm 



La + 1, L = ln■ 
= La+L+ 1, 



9"' 



i^A + 1 + 



\ u J \ M2/ 

with A is the ultraviolet cut-off parameter. The real parts of three and four denominators 
scalar integrals are: 



'Oqp 



Rel 



Oqm 



'Opm 



'Opm 



'Opgm 



dx 



In 



sx 



XS + M2(1-X)2 M2(l 



Rel Vim 



X] 



Oqp 



s\2 M2 6 ' ' 



iln^ ^ 
2 



+ ^6 



-1 



2(M2 -M 



-{In In ^ ^^-^ - 2L«2i 



—u 



' M2 ■ 



In 



A2 m2M2 

M2 -M 



M2 -M 



+ 



M2 



-1 M2 1 M"^ - u 



M2 -u- 



■ M2 

-1 



2(M2 - u 
1 



■{LA(21n 



M2 

M2 -M 
M2 



+ L) - -L^ + In' 



^ M2 ' 



- 2Li2( 



— u 



M2 -M 



s(M2 - m) a 



In^- 



(B2) 



(B3) 
)}, (B4) 
(B5) 
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The relevant vector integrals are: 

I 1 2 

Joqp — <^OqpP+ + f^Oqpl'^, OiQqp — J^{sIoqp — "^Ls), f^Oqp — ^^1P ~ ^^^^ 

1 2 
s s 

'^Opm ^OpmP+ ~l~ PopmQ— : ^Opm ^ [-^pm -^Op] : 

Popm = -^^^-^^[Ipm — Iqui — '^M'^aopm], 



qpm - ^2 _ ^ ' 

(M2 - uy 
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